The impact of land use intensity on the diversity of arbuscular mycorrhizal fungi (AMF) was investigated at eight sites in the "three-country corner" of France, Germany, and Switzerland. Three sites were low-input, species-rich grasslands. Two sites represented low-to moderate-input farming with a 7-year crop rotation, and three sites represented high-input continuous maize monocropping. Representative soil samples were taken, and the AMF spores present were morphologically identified and counted. The same soil samples also served as inocula for "AMF trap cultures" with Plantago lanceolata, Trifolium pratense, and Lolium perenne. These trap cultures were established in pots in a greenhouse, and AMF root colonization and spore formation were monitored over 8 months. For the field samples, the numbers of AMF spores and species were highest in the grasslands, lower in the low-and moderate-input arable lands, and lowest in the lands with intensive continuous maize monocropping. Some AMF species occurred at all sites ("generalists"); most of them were prevalent in the intensively managed arable lands. Many other species, particularly those forming sporocarps, appeared to be specialists for grasslands. Only a few species were specialized on the arable lands with crop rotation, and only one species was restricted to the high-input maize sites. In the trap culture experiment, the rate of root colonization by AMF was highest with inocula from the permanent grasslands and lowest with those from the high-input monocropping sites. In contrast, AMF spore formation was slowest with the former inocula and fastest with the latter inocula. In conclusion, the increased land use intensity was correlated with a decrease in AMF species richness and with a preferential selection of species that colonized roots slowly but formed spores rapidly.
A main component of the soil microbiota in most agroecosystems are the arbuscular mycorrhizal fungi (AMF). These obligate mutualistic symbionts colonize the roots of the vast majority of plants, including most crop plants (50) . By forming an extended, intricate hyphal network, AMF can efficiently absorb mineral nutrients from the soil and deliver them to their host plants in exchange for carbohydrates. Facilitated nutrient uptake, particularly with respect to immobile nutrients, such as phosphorus, is believed to be the main benefit of the mycorrhizal symbiosis for plants (20, 39) . AMF can also enhance tolerance of or resistance to root pathogens (7) or abiotic stresses, such as drought and metal toxicity (37) . Furthermore, AMF may play a role in the formation of stable soil aggregates, building up a macroporous structure of soil that allows penetration of water and air and prevents erosion (39) .
From all of these beneficial effects on plant performance and soil health, it is evident that AMF are crucial for the functioning of terrestrial ecosystems. Not only their presence but also their genetic and functional diversities are of importance: AMF diversity can be decisive for both plant community structure and ecosystem productivity (3, 4, 9, 28, 41, 54, 55) . Therefore, the application of AMF is of interest for the reclamation and revegetation of degraded lands (39, 45, 57) , an aspect of particular interest in the tropics (11) . Moreover, it is a challenge to develop AMF management strategies applicable for sustainable low-input but reasonably productive and ecologically sound agriculture (2, 36, 40, 43, 49, 51, 52) .
Modern intensive farming practices are evidently a threat for AMF, as indicated by studies of AMF performance in agroecosystems (reviewed in references 14 and 22; see also references 6, 34, 35, and 38) . In general, these studies have indicated that AMF abundance and effectiveness with respect to root colonization and plant growth promotion are declining upon agricultural intensification. However, little is known about the effect of management practices on the species diversity and community structure of AMF. A recent study on the effects of conventional versus low-input agriculture reported that different management practices did not affect AMF communities in an important way (18) ; at the site of this trial, however, the nutrient level was extremely high, in particular with regard to phosphorus.
The AMF diversity occurring over a broad range of agricultural land use intensity has, to our knowledge, not yet been investigated. Moreover, only a few data describing AMF diversity in the temperate zone of Central Europe in general are available (5, 12, 23, 24, 31, 32) . Therefore, we undertook a study of the impact of increasing land use intensity on agroecosystems in Central Europe. The soils at all sites studied, except for one, developed on Loess in the upper Rhine River valley near Basel (Switzerland). The following land use systems were selected: three low-input, seminatural, and very speciesrich grasslands cut once or twice per year; two arable lands with low-input organic and moderate-input integrated conventional farming systems, both with a 7-year crop rotation; and three arable lands with continuous maize monocropping and a high input of fertilizers and pesticides. AMF spores were counted and identified both for samples taken directly from field sites and for samples obtained from "AMF trap cultures" that had been inoculated with field samples.
MATERIALS AND METHODS
Study sites. Eight field sites were selected for this study. They are all located in the plain of the upper Rhine River valley bounded by the mountainous ranges of the Black Forest, the Vosges Mountains, and the Jura Mountains (an area of less than 1,000 km 2 located in France, Germany, and Switzerland). The climate of the region is temperate, with 650 to 850 mm of yearly precipitation and an annual average temperature of about 9.5°C. Seven of the sites have the same geological parent material, namely, Loess, a wind-blown periglacial sediment deposited during the last glacial time 10,000 to 15,000 years ago. The soils that have subsequently developed are Calcaric Regosols (sites R and V), Haplic Luvisols (sites S, L, O, and G), and a Haplic Alisol (site F). An additional site (W) located in the bordering Swiss Jura Mountains is a Rendzic Leptosol that developed on calcareous Jurassic rocks. Table 1 shows some chemical characteristics of the soils.
The agricultural use of the soils includes seminatural, extensive grasslands; arable lands with a 7-year crop rotation and moderate-intensity management; and lands with high-input maize monocropping and high-intensity management (Table 2) . Sites W (Leymen, France), V (nature reserve near Kaiserstuhl mountain group, Germany), and G (Therwil, Switzerland) are extensive grasslands cut only once or twice per year. The grasslands of sites W and V have an exceptionally high plant diversity (over 80 different plant species per site), with Bromus erectus being the dominant grass (vegetation type classified as Meso-Brometum [15] ). These sites were not fertilized in the last 20 years. The grassland of site G, with Arrhenatherum elatius being the dominant grass (vegetation classified as Arrhenatheretum [15] ) was fertilized every 2 years with a slow-release P-K fertilizer. Arable site O (Therwil, Switzerland) belongs to a long-term field trial and was managed in a 7-year rotation with 2.5 years of a permanent grass-clover meadow, potatoes, red beets, and several cereals (35) . The management of this site followed Swiss guidelines for bio-organic farming (corresponding to European Union regulation no. 2092/91) in the last 21 years; i.e., no synthetic pesticides or mineral nitrogen were used. Fertilization was usually exclusively based on manure produced on the farm, but the application of slow-release phosphate and potassium fertilizers was allowed. Farmyard manure and slurry (1.4 livestock units per ha and year [42] ) were applied to the plots (plot size, 100 m 2 per field plot replicate). At arable site L (Binningen, Switzerland), about the same quantity of fertilizer as that used at high-input sites S and F (see below) was applied to the maize in the form of mineral fertilizer, farmyard manure, and sewage sludge. However, this site was also subjected to a 7-year crop rotation with wheat, rapeseed, and various legumes. The management complied with the rules of (Table 2) , allowing an annual corn yield of about 10 to 12 tons ha Ϫ1 . At sites R and S, only mineral fertilizers were applied, while at site F, farmyard manure also was added.
Soil sampling at the field sites and preparation of AMF inocula. Soil samples (four replicate plots per field site; plot sizes, 5 by 20 m) were taken in March and October 2000. These dates correspond to the beginning and the end of the growing season in the region. At each of the four plots at each field site, six soil core samples were taken up to a depth of 10 cm by using a soil corer with an 8-cm diameter. As AMF inocula for the trap plants (see below), undisturbed soil crumbs were taken from the soil core samples harvested in March 2000 (20 g for each trap plant, representing all six soil core samples taken at a depth of 5 to 7 cm). The rest of each soil core sample was carefully ground by hand, mixed, and air dried. Each composite sample representing one plot was a mixture of six such soil core samples; it was kept at 4°C until further analyses were performed. These analyses included AMF spore counting; determination of species numbers; and determination of several chemical soil parameters, such as pH, organic carbon, and available P ( Table 1 ). The soil parameters were measured in the laboratory of F. M. Balzer, Wetter-Amönau, Germany, according to standard methods. Soils were extracted with sodium acetate and double lactate according to standard methods to estimate available P.
Soil samples taken from three sites (F, G, and V) in October 2000 were also analyzed for AMF species. The species composition and distribution pattern found were similar to those found in March 2000, but the identification of spores was more difficult due to a larger amounts of young, immature spores in autumn than in spring. We take this fact as a justification to present here only the results of the sampling in early spring.
Trap cultures for AMF. At each of the four replicate plots at each field site, two trap culture pots (300 by 200 by 200 mm) were established. They were equipped with a 20-mm-thick drainage mat (Enkadrain ST; Colbond Geosynthetics, Arnhem, The Netherlands) and filled with 3 kg of an autoclaved substrate consisting of a mixture of Terragreen (American aluminium oxide, oil dry US special, type III R, Ͻ0.125 mm; Lobbe Umwelttechnik, Iserlohn, Germany) and Loess from a local site (3:1 [wt/wt]). The mycorrhizal inocula (see above) were placed on the surface of the substrate in the pots at positions at which the trap plantlets subsequently were planted (each of the nine positions per pot received 20 g of inoculum). Each of the inocula was then covered with 1 kg of autoclaved substrate; at the positions of the nine inocula, three 2-week-old AMF-free plantlets each of L. perenne, Trifolium pratense, and Plantago lanceolata were randomly planted in every pot. Each plantlet of T. pratense received 1 ml of a 1:5-diluted overnight culture of Rhizobium trifolii (DSM 30138; Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH [DSMZ], Braunschweig, Germany; grown in DSMZ 98 medium on a rotary shaker at 27°C). There were two reasons to choose these three trap plant species. First, all three species are well-known AMF host plants frequently used for trap cultures; second, they represent important functional groups of grasslands (a grass, a legume, and an additional common forb). The use of such a consortium of trap plants appeared to be superior to the use of a single trap plant for trapping as many AMF species as possible. Eight control pots were also included; they contained autoclaved inocula from field site G and a nonmycorrhizal suspension of soil bacteria from this site. The latter was obtained by fine filtration (LS 141/2; Schleicher & Schuell, Feldbach, Switzerland) of a soil suspension (0.4 kg of air-dried soil suspended in 1 liter of water). Finally, an automated watering system (Tropf-Blumat; Weninger GmbH, Telfs, Austria) was installed. The trap cultures were kept in a greenhouse under ambient natural light and temperature conditions for 8 months until the end of 2000. During this time, the trap plants were cut three times (i.e., every second month) 3 cm above the ground.
Sampling of the trap cultures. After 2, 4, and 6 months of growth of the trap plants, two soil core samples (15 cm 3 ; sampling depth, 10 cm) were taken from each pot for the extraction of AMF spores and roots. At the end of the growth season (after 8 months), four core samples were taken from each pot. The initial rate of spore formation was determined by extracting and counting the spores formed after 2 and 4 months, and the initial rate of root colonization by AMF was determined after 2 months as described previously (8) by using trypan blue for staining of mycorrhizal structures. At each sampling time, single spore cultures of each of the species newly discovered in the trap cultures were set up.
AMF spore isolation and identification. AMF spores occurring in the original soil samples or produced in the trap cultures were extracted by wet sieving and sucrose density gradient centrifugation (13) . The procedure included passage of 25 g of air-dried field soil or 30 cm 3 of harvested trap culture substrate through 1,000-, 500-, 125-, and 32-m sieves. The 1,000-m sieve was checked for spores adjacent to or inside roots, while the 500-m sieve was checked for large spores, spore clusters, and sporocarps. The contents of the 125-and 32-m sieves were layered onto a water-sucrose solution (70% [wt/vol]) gradient and centrifuged at 900 ϫ g for 2 min. The resulting supernatant was passed through the 32-m sieve, washed with tap water, and transferred to petri dishes. Spores, spore clusters, and sporocarps obtained from all sieves were counted by using a dissecting microscope at a magnification of up to ϫ90. Thereafter, 50 to 70% of them were mounted on slides with polyvinyl-lactic acid-glycerol (29) or polyvinyllactic acid-glycerol mixed 1:1 (vol/vol) with Melzer's reagent (8) . Only the healthy-looking spores were mounted. The spores were examined under a stereomicroscope (Zeiss; Axioplan) at a magnification of up to ϫ400. Only 60 to 85% of the spores mounted on slides could be identified to the species level or attributed to a specific morphospecies; the rest consisted mostly of old and decaying spores with missing clear features. In this study, a species could be a clearly identified morphospecies based on spore morphology, a not-yet-described morphospecies, or an already-described morphospecies that was not yet known to us. A species group comprised more than one morphospecies due to the fact that the features were not clear enough to definitively attribute the majority of the spores to one of the morphospecies in the group. Identifications were based on current species descriptions and identification manuals (46; International Culture Collection of Arbuscular and Vesicular-Arbuscular Endomycorrhizal Fungi [http://invam.caf.wvu.edu/Myc_Info/Taxonomy/species.htm]).
The abundance of spores from all AMF species together was determined for each sample and expressed as the number of AMF spores per gram of soil for the field site samples, whereas for the trap culture samples, it was expressed per milliliter of substrate. Moreover, for each sample from the field sites and the trap cultures, the number of spores belonging to the different AMF species discerned also was determined. For every AMF species and site, the relative abundance and the absolute number of spores identified per site (total amount of soil explored, 100 g) are given. The Shannon-Weaver (HЈ) index was calculated as an additional measure of AMF diversity, as it combines two components of diversity, i.e., species richness and evenness. It is calculated from the equation HЈ ϭ Ϫ⌺ i ln i , where i is the relative spore abundance of the i th species compared to all species identified in a sample. However, diversity measures change with changes in the numbers of individuals in a sample; therefore, the ShannonWeaver index was corrected by using the formula of Fager (16) , yielding corrected HЈ values of between 0 and 1. For the same reasons, the number of species, i.e., the species richness, was corrected by using the rarefaction method (33) .
Statistics and HCA. The significance of differences between field sites in spore abundance, species numbers, and AMF diversity (Shannon-Weaver index) was tested by using Fisher's least-significant-difference (LSD) test at a P value of Ͻ0.05 after a one-way analysis of variance (ANOVA). For the trap cultures inoculated with soil from the different sites, the same statistical tests were applied for initial mycorrhizal root colonization and spore formation. A hierarchical cluster analysis (HCA) with Ward's minimum-variance method (33) was applied to determine the relationship between field sites and replicate plots of field sites in AMF species communities based on the 2 distance (33).
RESULTS
AMF species found at field sites. AMF spores were separately isolated from four replicate original soil samples taken at eight field sites and were separately identified and counted. In total, 37 species could be distinguished on the basis of morphological criteria (Table 3) . Twenty-three species could be identified unequivocally according to descriptions in the literature. In four instances, when two species could not be unequivocally distinguished, a species group was defined (e.g., Glomus occultum group) ( Table 3 ). Ten species not described so far, at least not to our knowledge, could not be named at the species level (Acaulospora sp. strain BR1, Glomus sp. strains BR2 to BR9, and Archaeospora sp. strain BR10). The majority of the isolated species were identified as Glomaceae, all of 2818 OEHL ET AL. APPL. ENVIRON. MICROBIOL.
these being Glomus Tulasne and Tulasne species (Table 3) . Two of them had formerly been assigned to Sclerocystis Berkeley and Broome (G. sinuosum and G. rubiforme). One species of the genus Archaeospora, resembling Archaeospora leptoticha Morton and Redecker, and one of the genus Paraglomus Morton and Redecker (Paraglomus occultum) were identified. Six species were identified as Acaulosporaceae (five of them were in the genus Acaulospora Gerdemann and Trappe, and one was in the genus Entrophospora Ames and Schneider). Two species were members of the family Gigasporaceae and belonged to the genus Scutellospora Walker and Sanders. Species in the genus Gigaspora Gerdemann and Trappe (emend. Walker and Sanders) were not found. Frequencies and patterns of distribution of AMF species at field sites. Some species of AMF appeared to be "generalists," since they were found at virtually all field sites: G. mosseae of the G mosseae group, G. geosporum, G. albidum of the G.  occultum group, G. etunicatum, G. diaphanum, G. constrictum, species of the G. fasciculatum group, and Scutellospora calospora (Table 3) . Of these, G. mosseae, G. geosporum, G. albidum, and G. etunicatum were the dominant species in the arable soils (O, L, F, S, and R), but they were also present abundantly in the grassland soils (W, V, and G). Some species were abundant both in the grasslands and in the low-and intermediate-input arable lands with crop rotation (O and L) but were absent from the intensively managed arable lands with continuous maize monocropping (F, S, and R). More than half of the species were exclusively found in the grasslands, and many of them occurred in all three grasslands investigated ("grassland specialists"), despite the fact that the soil substrate of grassland W was different from that of grasslands V and G. Five species were found exclusively in grassland V, and five others were found exclusively in grassland W ("highly specialized species"). Among these species, some appear to occur in several habitats (e.g., G. sinuosum and Glomus sp. strain BR2 in tropical pastures and forests as well as in South European grasslands with olive trees; unpublished observations), whereas others presumably have been found for the first time (e.g., Glomus sp. strain BR7 and Glomus sp. strain BR8).
In the intensively managed arable lands (F, S, and R), in addition to the generalists mentioned above, only two further species were found, G. aggregatum and G. caledonium. Remarkably, the spores of these species became less abundant (G. caledonium) or were not found (G. aggregatum) in the lowand intermediate-input arable lands with crop rotation (O and L) and were very rare or absent from the grasslands ( Table 3) .
Dependence of AMF spore abundance, species number, and Shannon-Weaver index on cultivation systems. The seminatural grasslands (W, V, and G) contained by far the highest spore abundances (average for the four replicate plots per field site, 35 to 65 spores g Ϫ1 ) (Fig. 1) as well as the highest species numbers (average for the four replicate plots per field site, 17 to 20 species found in 100 g of soil explored) ( Table 4 ). The total species numbers (total number in the four replicate plots per field site) detected at these sites were even higher, namely, 24 in grassland W on Jurassic rock and 25 and 20, respectively, in grasslands V and G on Loess (Table 4) . Much lower spore abundances as well as lower species numbers were found in arable lands. The arable lands with crop rotation and low or intermediate input (O and L) showed, respectively, abundances of 12.5 and 9.7 spores g of soil Ϫ1 and average species numbers of 15.5 and 11.2 ( Fig. 1 and Table 4 ). Remarkably, the arable land managed organically (O) had an average species number similar to those of the grasslands, while the conventionally managed one (L) had a significantly lower number (Table 4) . By far the lowest spore abundances and average species numbers were found in the soils of the intensively managed sites with maize monocropping (F, S, and R), namely, abundances of between 2.5 and 8.0 spores g of soil Ϫ1 (Fig. 1 ) and average species numbers of between 6.0 and 8.0 (Table 4) . Processing of additional soil from the same samples as well as from samples taken in other seasons of the year (see Material and Methods) yielded essentially similar spore numbers and species compositions (data not shown).
AMF diversities, expressed by the Shannon-Weaver diversity index, in both its original and its corrected versions, were similar for the grasslands (W, V, and G) and the arable lands with crop rotation (O and L). The index was significantly lower, however, at all of the intensively managed sites (R, S, and F) with maize monocropping (Table 4 ). The index decreased from the highest value of 2.45 (corrected version, 0.94) to the lowest value of 1.32 (corrected version, 0.16) in the order of succes-
HCA showed the highest similarity in AMF species composition between the four replicate plots of each field site, with the exception of the four replicate plots of intensively managed arable site S, which grouped not with each other but with the other three conventionally managed sites, R, F, and L (Fig. 2) . Interestingly, according to this analysis, organically managed site O showed the highest similarity to the grasslands, not to the arable lands.
Initial AMF root colonization and spore formation in the trap cultures. The initial AMF root colonization in the trap cultures established from the different field sites (Fig. 3A) exhibited patterns similar to the spore abundance ( Fig. 1 ) and the total species number (Table 4) detected at the sites. After 2 months of culturing, the roots in the pots inoculated with the grassland soils were colonized to a much higher degree than the roots in the pots inoculated with the soils from the arable sites. No significant difference, however, was observed between the different arable sites.
Intriguingly, however, spore formation in the trap cultures was initially not correlated with root colonization. The trap cultures of the grasslands contained no spores after 2 months and only a few after 4 months (Fig. 3B) . The main AMF spore production started only after 6 to 8 months in these cultures. In contrast, all trap cultures of the arable lands had already produced a few spores after 2 months, and numerous spores were present in these cultures after 4 months (up to 18 spores per ml of substrate) (Fig. 3B) . The high standard deviation for site V (Fig. 3B ) was due to G. lamellosum, which abundantly sporulated in only one of the four replicate plots. It was interesting to monitor the appearance of spores of different species in the trap cultures. After only 2 months of culturing, a few species had produced spores in the trap cultures of the arable lands, namely, G. caledonium, G. mosseae, G. geosporum, G. etunicatum, and G. diaphanum; after 4 months, as many as five or six AMF species had sporulated in these cultures (Tables 5 and 6 ). In contrast, the trap cultures of the grasslands contained the first few spores of one or two species only after 4 months. After 8 months, at the end of the growth season, about the same species numbers were found in the trap cultures of the grasslands (7 to 12 species) and the arable lands (6 to 12 species, excluding the organic site). The highest species number (20 species) was found at this time in the trap cultures of organically managed site O. Interestingly, after 8 months of trap culturing, as many as 75 to 111% of the species found in the original field samples from the arable lands could be recovered, whereas the recovery from the grasslands was only 29 to 60% at that time (Table 4) .
For the arable lands, G. constrictum, Scutellospora pellucida, G. invermaium, G. dominikii, and Acaulospora sp. strain BR1, which were found in the original field samples (Table 3) , did not form spores in the trap cultures even after 8 months. All of the other species detected in the field samples of the arable lands could be recovered in the trap cultures at that time (Table 6 ). Remarkably, G. mosseae and G. etunicatum formed spores much later in the trap cultures of the grasslands than in the trap cultures of the arable lands (4 to 8 versus 2 months) ( Table 6 ). Only after 8 months had a few of the grassland specialists sporulated in the corresponding trap cultures (Glomus sp. strain BR2, Glomus sp. strain BR3, and Glomus sp. strain BR4).
In a number of field sites, some species were not found in the spore analysis but sporulated subsequently in the corresponding trap cultures (Table 6 ). Examples are G. aggregatum from organically managed arable land O and from grassland G, G. fasciculatum and Acaulospora paulinae from integrated conventionally managed land L, Glomus sp. strain BR3 and G. were not detected in any of the field samples and were discovered only in the trap cultures after 4 to 8 months of culturing. Thereafter, when the trap cultures were analyzed, it became evident that in the field samples, the spores of G. lamellosum had been placed erroneously in the G. fasciculatum group and the spores of Archaeospora trappei and Glomus sp. strain BR11 had been placed in the G. occultum group (Table 3) . Control trap cultures, which received autoclaved inoculum, showed neither root colonization by AMF nor spore formation.
DISCUSSION
Overall, we detected a total of 45 AMF species (morphospecies) at the eight field sites investigated; about 20% of them were not previously described, to our knowledge. This is a surprisingly large number, given that so far only about 150 AMF species have been described worldwide for the phylum Glomeromycota (47) and that we took samples in a quite uniform region of less than 1,000 km 2 and with similar climatic and edaphic conditions throughout. Altogether, 41 species were detected in the field samples directly, and 4 additional ones were found upon trap culturing for 8 months with a consortium of three AMF trap plant species. A similarly large number of AMF species (namely, 37, one-third of which were not described previously) has been found in a seminatural grassland of 1 ha on the Duke University campus (Durham, N.C.) upon repeated intensive sampling and trap culturing withdifferent substrates and trap plants over a period of 5 years (3). In general, a substantial proportion of the AMF morphospecies detected in such surveys has not been described before, indicating that there must exist many more AMF species than the 150 described so far. We suppose that the actual AMF species number in the region on which we focused our studies must be much larger than we have found because all of our sampling sites, except for one (calcareous grassland W), were located in plains with almost identical climatic and edaphic conditions. Moreover, we used only one type of trap culturing system with a single substrate and a single trap plant consortium.
Natural ecosystems in Europe have been estimated to contain up to 25 AMF species (17) , and our findings for the seminatural grasslands (26 or 27 species) corroborate this estimate. In the arable lands, the AMF community contained significantly fewer species, namely, 18 species in the lands with conventional agriculture and crop rotation and 8 to 13 species in the lands with monocropping. A remarkable exception was the organically managed land harboring as many as 26 species, similar to the number in the grasslands. Previously reported data on species richness in temperate European and North American arable lands are in the same range (12, 14, 18, 30, 31, 56) .
Our data on the arable lands indicate a marked decrease in AMF species numbers upon intensification of agricultural management. By far the highest AMF species number and Shannon-Weaver diversity index were found in the low-input, organically managed arable land with crop rotation. Not only in species number but also in HCA, this arable land resembled the grasslands. Among the other arable lands, the site with intermediate input and crop rotation had a species number and a diversity index significantly higher than those of the three sites with high input and continuous maize monocropping. These findings are consistent with previous reports in which the AMF community was found to be impoverished in species composition upon agricultural intensification (1, 27, 49) , particularly upon a change from crop rotation to monocropping (1) . There are also contrasting reports in which no marked differences in AMF community composition and structure were found upon long-term application of conventional or low-input farming practices (18) ; however, that farming trial took place at a site where the quantities of nutrients-particularly of available phosphorus-were extremely high and nitrogen inputs were similar in all plots.
In the trap cultures, the rates of AMF root colonization and of spore formation differed conspicuously between the grasslands and the arable lands. In the arable lands, rapidly sporulating species, such as G. mosseae, G. geosporum, and G. etunicatum, were among the dominating species with respect to spore abundance. These species are frequently reported to occur in intensively cultivated soils (14, 19, (30) (31) (32) . Other species, such as G. invermaium, G. dominikii, A. laevis, A. paulinae, A. longula, and S. pellucida, were found in arable lands only when crop rotation was practiced (at sites L and/or O), and most of these species did not sporulate within the 8-month period of trap culturing (although A. paulinae and A. longula sporulated after 6 to 8 months) (Table 6 ). Root colonization strategies and timing of sporulation may be crucial for the survival of AMF species in arable lands exposed to intensive farming practices, such as herbicide-cleaned monocropping systems with short vegetation and prolonged fallow periods (21) . This idea may explain the absence of the slowly sporulating species at the intensively managed monocropping sites (R, S and F). However, these species were present in lands where crop rotation was practiced (sites O and L), particularly in the organically managed one (O), where a grass-clover meadow was part of the 7-year crop rotation for 2.5 years, and also at a lower frequency in the conventionally managed one (L), where overwintering cover crops were generally cultivated.
It is noteworthy that the extension of the trap culturing time from 4 to 8 months increased the overall AMF species recovery from 9 to 23. If the AMF species numbers would have been judged from the recoveries obtained after 4 months, they would have been smaller in the grasslands than in the arable lands. For the grasslands, even after 8 months of trap culturing, only 30 to 60% of the AMF species found directly in the field samples had produced spores. Most likely, the delayed spore formation in the trap cultures from the grasslands is an intrinsic property of the AMF species present in the corresponding inocula, although it may also be due, in part, to a reduced number of living propagules present in these inocula. Remarkably, species that did not form spores at all in the trap cultures were mostly sporocarpic; these included G. sinuosum, G. tortuosum, G. mortonii, G. rubiforme, G. ambisporum, and Glomus sp. strain BR6. They seemed to be specific for grasslands in our study area. The sporocarps of these species observed in the field samples appeared to be alive and healthy. It will therefore be interesting to determine whether these species eventually, upon prolonged trap culturing, also form spores or whether they were not compatible with the trap plants used. These notions can be tested with newly developed molecular tools for identifying AMF species within roots (23, 44) .
Interestingly, not only was the delayed spore formation in the trap cultures of the grasslands compared to the arable lands due to the different AMF species compositions in these two agroecosystems, but also the same delay in spore formation was observed for individual species, e.g., G. mosseae and G. etunicatum. Thus, the different land use practices apparently have selected ecotypes differing in physiological traits. In this context, it is interesting that AMF derived from high-input agroecosystems have repeatedly been shown to be less efficient in plant growth promotion than those derived from low-input systems (10, 25, 26, 48) .
Since AMF spore formation is known to be highly variable, depending on AMF species (some species may not form spores at all), host plants, season of the year, and other environmental factors (3), the actual contributions and importance of different AMF species for ecosystem functioning cannot be derived from AMF surveys based solely on an assessment of spore morphotypes. In this context, it is relevant that molecular tools are currently being developed to allow the identification of AMF species directly in host plant roots (12, 23, 44, 53) . Currently, we are using such a molecular approach, involving PCR for targeting of specific AMF sequences, to investigate AMF diversity in roots sampled from the field sites and from the trap cultures. In view of the eventual application of selected efficient AMF isolates, these molecular tools for the identification of AMF in roots will be invaluable for testing the compatibility of AMF inocula with different crops and checking their persistence in the field.
Our study clearly indicates that agricultural intensification, as practiced in temperate Central Europe, severely affects AMF abundance and community structure. Remarkably, the AMF communities differed not only in diversity but also in functional aspects (rates of root colonization and spore formation in the trap cultures). These findings were true even for individual AMF species, which appeared to occur as rapidly or slowly sporulating ecotypes depending on the agricultural management practices. It will be interesting to further investigate whether these AMF differ in other functional traits that are of agronomic importance.
